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Measurement of intra-arterial pressure gradients
has been advocated for assessment of the hemody-
namic significance of iliac artery stenosis and for
quantification of the results obtained with percuta-
neous transluminal angioplasty (PTA) or stenting.1-4
The pressure gradient of iliac artery stenoses and the
result after percutaneous therapy may also be esti-
mated by duplex scanning. The peak pressure gradi-
ent can be calculated with the velocity data and the
modified Bernoulli equation: the pressure gradient
∆P = 4(PSVs2 – PSVp2) in units of millimeters of
mercury, where PSVs is the peak systolic velocity in
the stenosis and PSVp is the peak systolic velocity
proximal to it.5 It assumes that part of the kinetic
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was defined as a postprocedural mean pressure gradient less than or equal to 10 mm Hg
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systolic velocity ratio, and the ankle-brachial pressure index.
Results: Before treatment, both the intra-arterial–measured pressure gradients and the
Bernoulli-predicted gradients indicated hemodynamic significance of the iliac artery
stenoses. After treatment, both methods indicated significant improvement of the
translesional pressure gradient (P <.0001). However, the correlation between the intra-
arterially measured pressure gradient and the Bernoulli-predicted gradient of iliac artery
stenoses was low (Pearson’s r = 0.27). None of the three investigated noninvasive meth-
ods could differentiate an optimal PTA or stent result from a suboptimal result, as
assessed by intra-arterial pressure measurements.
Conclusions: The disappointing correlation among the duplex velocity data, whether
expressed as pressure gradient or as a peak systolic velocity ratio, and the actually mea-
sured pressure gradient might be caused by errors in pressure or velocity measurements
or the different circumstances in which the pressure or velocity measurements were per-
formed. Residual pressure gradients after iliac PTA or stent placement assessed with
intra-arterial pressure measurements could not be assessed with the investigated nonin-
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energy of flow in the stenosis calculated from the
peak systolic velocity (PSV) is converted to heat in
the poststenotic region, accounting for the pressure
decrease across the stenosis. This noninvasive tech-
nique is used by cardiologists to estimate pressure
gradients across cardiac valves, but its usefulness in
iliac artery stenoses is unclear.6,7 If applicable, it may
be valuable to determine the hemodynamic signifi-
cance of iliac artery stenosis and the result of PTA or
stenting.
Currently, ankle-brachial pressure index has been
recommended as an integral part of the noninvasive
evaluation of vascular therapy affecting the lower
limb.8 Duplex scanning (PSV ratio) is the best non-
invasive method to quantify iliac artery stenosis and
has been suggested as a follow-up method after PTA
or stenting.9-11 A Bernoulli-predicted pressure gra-
dient by means of duplex scanning velocity data
might be another method in the noninvasive hemo-
dynamic evaluation of endovascular therapy. The
purpose of this study is to clarify the value of the
Bernoulli-predicted pressure gradient in the nonin-
vasive hemodynamic assessment of patients under-
going PTA or stenting of iliac artery stenosis.
PATIENTS AND METHODS
Patients who were seen at the vascular surgery
department from November 1993 through August
1996 with intermittent claudication or critical
ischemia due to an iliac artery lesion were invited to
participate in the Dutch Iliac Stent Trial. Inclusion
criteria were the following: (1) signs and symptoms
of intermittent claudication or critical ischemia and
(2) an iliac lesion greater than or equal to 50% on
arteriography (≥ 50% diameter reduction with visual
estimation) or at duplex scanning examination (PSV
ratio ≥ 2.5). Grounds for exclusion were stenosis
length greater than 10 cm and occlusion length
greater than 5 cm, stenosis extending into the distal
aorta, or severe comorbidity (eg, severe cardiac or
cerebrovascular pathology, malignant tumors).
There were 261 patients who enrolled in the trial.
Patients were assigned to either primary stent
placement or primary PTA, which was immediately
followed by secondary stent placement in case of a
suboptimal PTA result. A suboptimal PTA result was
defined as a residual transstenotic mean pressure gra-
dient of more than 10 mm Hg after injection of
vasodilators distal to the treated segment.4
Randomization was achieved with a computer-gen-
erated list for each hospital. The study protocol was
approved by the institutional review boards of the
participating hospitals. All patients were informed
about the backgrounds and procedures of the trial
through both oral communication and printed
information. All patients provided written consent.
The length and the arteriographic lumen diame-
ter reduction of the iliac artery stenosis were mea-
sured. Bernoulli-predicted pressure gradients, intra-
arterial–measured pressure gradients, PSV ratios,
and ankle-brachial pressure indexes were measured
before and after 333 PTA or stent placement proce-
dures in 261 patients. Twenty-one occlusions were
present. However, PSV ratios and Bernoulli-predict-
ed pressure gradients cannot be assessed in occlu-
sions, and therefore the occlusions were excluded
from comparative analysis. Seventy patients had
bilateral procedures, and two patients had two uni-
lateral procedures. In patients with multiple lesions,
all lesions were assigned to the same treatment strat-
egy. Patients with multilevel disease were not exclud-
ed from the study. Ten percent of the patients had
superficial femoral artery occlusions, and 4% had
deep femoral artery occlusions.
Duplex scanning measurements were performed
before and the day after therapy with duplex scan-
ning machines equipped with color Doppler. Before
therapy, PSVs were recorded at the jet stream with-
in the stenosis and in the adjacent nonstenotic
region. After therapy, PSVs were recorded at the
treated site and immediately proximal and distal to
it. After stent placement, the reflections of the steel
matrix of the Palmaz stent on B-mode indicated the
stent site clearly; the Doppler velocity spectrum
recording was not disturbed by it (Fig 1).
Identification of the PTA site was not always easy,
because after successful dilatation no change in PSV
along the iliac artery is measured. In these circum-
stances, the duplex scanning examination was done
in the region where balloon dilatation had occurred.
A graphic representation of the iliac artery was made
at the duplex scanning examination before therapy,
and it was known to the vascular laboratory techni-
cian in which part of the iliac artery the treated
stenosis was located.
The Bernoulli-predicted peak pressure gradient
was calculated with the modified Bernoulli equation:
∆P = 4(PSVs2 – PSVp2), where PSVs is the peak sys-
tolic velocity in the stenosis or treated site, and PSVp
is the velocity proximal to it.5 The PSV ratio was
obtained by dividing the PSV in the stenosis or
treated site by the PSV in the nonstenotic iliac
artery.
Mean and systolic intra-arterial pressures were
measured before and after PTA or stenting of the
iliac stenosis. Pressure measurements were per-
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formed with a special 5 French double-sensor
catheter (Sentron B. V., Roden, The Netherlands)
that allows simultaneous recording of intra-arterial
pressures proximal and distal of the stenosis. The
catheter used a monorail system and was introduced
over a 0.025-in guide wire. After the initial calibra-
tion, the signal from the pressure catheter was
recorded through a special interface on both a digi-
tal readout and channel recorder. The endovascular
therapy was considered technically successful if the
mean pressure gradient across the treated site was
equal to or less than 10 mm Hg at rest and during
pharmacologically induced vasodilatation. De-
pending on the choice of the participating centers,
different vasodilating drugs were used: 25 mg of
papaverine (8% of cases), 40 mg of tolazoline (33%
of cases), or 100 µg of nitroglycerin (59% of cases),
all diluted in saline solution to a total volume of 10
mL. When the on-line intra-arterial pressure reached
a minimum 20 to 40 seconds after vasodilator injec-
tion, the mean and systolic pressures were recorded.
The significance of a difference in means for
paired samples (before and after therapy) was tested
by the paired samples t test. The association between
two variables was studied by calculating the Pearson
correlation coefficient.
RESULTS
The mean pressure gradients, systolic pressure
gradients, Bernoulli-predicted pressure gradients,
PSV ratios, and the ankle-brachial pressure indexes
before and after therapy are tabulated (Table I).
Both the intra-arterial–measured and the Bernoulli-
predicted pressure gradients indicated hemodynam-
ic significant gradients of the iliac stenoses that
decreased significantly after therapy (paired samples
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Fig 1. B-mode image of a stent in the iliac artery. The steel matrix of the stent is clearly visible.
Table I. Mean pressure gradients, systolic pressure gradients, Bernoulli-predicted gradients, PSV ratios, 
and ankle-brachial indexes*
Before therapy After therapy
Mean pressure gradient† 16.5 ± 11.3 (277) 2.6 ± 3.1 (301)
Systolic pressure gradient† 40.8 ± 23.4 (278) 7.0 ± 7.5 (303)
Bernoulli-predicted gradient† 59.1 ± 32.2 (175) 3.6 ± 6.6 (197)
PSV ratio 5.1 ± 3.1 (175) 1.2 ± 0.5 (197)
Ankle-brachial index 0.77 ± 0.18 (313) 0.97 ± 0.22 (182)
*Mean ± SD (valid counts) before and after endovascular therapy of iliac artery stenoses. 
†Gradients in millimeters of mercury.
t test; P <.0001). However, the correlation between
the intra-arterial–measured systolic pressure gradient
and the Bernoulli-predicted systolic pressure gradi-
ent of iliac artery stenoses was low (Pearson’s r =
0.27; Fig 2).
The PSV ratio decreased significantly (paired
samples t test; P <.0001), and the ankle-brachial
pressure index increased significantly after PTA or
stenting (paired samples t test; P <.0001). The PSV
ratio (Pearson’s r = 0.18) and the ankle-brachial
pressure index (Pearson’s r = -0.23) also correlated
poorly with intra-arterial–measured pressure gradi-
ents. The Bernoulli-predicted pressure gradients,
PSV ratios, or ankle-brachial pressure indexes could
not differentiate an optimal PTA or stent result
assessed by intra-arterial pressure measurement from
a suboptimal result (Table II). The distribution of
the length and the arteriographic lumen diameter
reduction of the iliac artery stenoses are presented in
Table III.
DISCUSSION
The hemodynamic significance of iliac artery
stenosis and the result after PTA or stenting are
preferably assessed by intra-arterial–measured pres-
sure gradients.1-4 A possible noninvasive way to
assess pressure gradients in iliac arteries before and
after PTA or stenting is the peak pressure gradient
calculated with the modified Bernoulli equation.5
The modified Bernoulli equation is a simplification
of the Bernoulli equation. According to the
Bernoulli principle, the total amount of energy is
constant at each point along a streamline of steady
flow for a frictionless fluid.
P + ρgh + 1⁄2ρv2 = constant
where P = pressure energy, ρgh = gravitational
energy (ρ is the fluid density, g is the acceleration
caused by gravity, h is the height relative to an arbi-
trary standard), and 1⁄2ρv2 = kinetic energy (v is the
velocity).
At the peak systolic blood flow during the pulse
cycle, there is a steady flow state. Assuming that the
effect of gravitational energy is negligible, the
Bernoulli equation can be simplified to
P + 1⁄2ρv2 = constant
The pressure drop across a stenosis can be given
by
∆P = P1 – P2 = 1⁄2ρ(v22 – v12)
For blood flow with v measured in meters per
second, v substituted by PSV, and ∆P in millimeters
of mercury this becomes
∆P = 4(PSV22 – PSV12)
where ∆P is the peak systolic pressure gradient,
PSV2 is the peak systolic velocity in the stenosis, and
PSV1 is the proximal peak systolic velocity.
The modified Bernoulli equation calculates the
maximum pressure gradient in the iliac artery with
the maximum jet PSV and the proximal PSV.
Assuming that the kinetic energy in the stenotic jet
is completely dissipated beyond the stenosis by vis-
cous losses in turbulence, this equation reflects the
maximal pressure gradient. Pressure gradients are
generally not observed until stenoses exceed 75% of
the lumen area, the point at which turbulence caus-
es energy dissipation.12 Below this level the
increased velocity causes the Bernoulli equation to
predict a pressure gradient when none exists.
Consequently, the Bernoulli-predicted pressure
seems not to be a valid method to identify mild
stenosis, such as after a suboptimal PTA or stent
result.
In vitro, Doppler-derived pressure measure-
ments correlated well with the pressure drop caused
by a stenosis, although the peak pressure gradients
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Fig 2. Plot of Bernoulli-predicted systolic pressure gradi-
ents versus intra-arterial–measured systolic pressure gradi-
ents across iliac artery stenoses.
calculated with the Doppler method were overesti-
mated.13 In our study there also was a tendency of
overestimation of the pressure gradient by the
Bernoulli method. Besides overestimation, our data
showed a poor correlation between Bernoulli-pre-
dicted pressure gradients and intra-arterial–mea-
sured gradients across iliac artery stenoses. The
poor correlation in this clinical study may have sev-
eral causes. First, there could be errors in velocity
measurements, which are magnified when the
velocity value is squared in the modified Bernoulli
equation. Although the Bernoulli relationship
works well in echocardiographic measurements, it
appears to be less reliable in peripheral vascular
measurements. The difference may be that the
echocardiographer uses a Doppler examination
angle of 0°, whereas the vascular examiner uses
angles near 60°. For the larger angles, the cosine
term in the Doppler equation causes a small uncer-
tainty in the measurement of the angle to result in
a large error in velocity estimation. This error in the
measurement of the estimated Doppler examination
angle may be an important cause for the discrepan-
cy in pressure gradients. An error in the measure-
ment of the Doppler angle causes an error in the
estimate of flow velocity (Table IV). For example, if
the estimated examination angle is 60° but the true
angle between the Doppler beam and the flow
direction is 55°, then the real velocity is 13% less,
and the Bernoulli-calculated pressure gradient is
26% less. An error of 5° in the Doppler examination
angle is very imaginable. It is not only the angle
between the ultrasound scanning beam and the
artery wall that matters, but also the angle between
the flow direction and the artery wall. Second, the
modified Bernoulli equation omits the acceleration
and viscous resistance terms. The pressure drop
caused by viscous resistance can be calculated
according to Poiseuille’s law. Omitting viscous
resistance leads to an underestimation of the pres-
sure gradient in tight and lengthy stenoses.14
Pressure drop by viscous resistance in short stenoses
(68% of the iliac stenoses in this study were less than
2 cm in length) can be neglected. Third, the poor
correlation between the Bernoulli-calculated and
intra-arterial—measured pressure gradient might be
enhanced by variations in flow rates and baseline
blood pressures, because the duplex scans were not
performed on the same day as the pressure mea-
surements. Fourth, although intra-arterial pressure
measurement is valid for pointing out hemodynam-
ically significant stenoses, there are no data available
concerning the reproducibility of this method in the
JOURNAL OF VASCULAR SURGERY
Volume 32, Number 1 de Smet, Tetteroo, and Moll 157
Table II. Descriptive statistics of Bernoulli-predicted pressure gradient, PSV ratio, and ankle brachial pres-
sure index after an optimal (I) and suboptimal (II) technical result of endovascular iliac therapy
Bernoulli (in mm Hg) PSV ratio Ankle-brachial index
I II I II I II
Mean 3.6 3.7 1.15 1.16 0.99 0.98
SD 6.3 9.2 0.45 0.57 0.21 0.17
Minimum 0 0 0.33 0.72 0.38 0.62
Maximum 39 45 2.58 3.50 1.45 1.23
Count 242 45 242 45 242 45
The mean, SD, minimum, maximum, and valid count are tabulated.
Table III. Percentual distribution of iliac artery
stenoses with regard to arteriographic diameter
reduction and length of stenosis
% Count of stenoses
Diameter reduction
< 50% 9.3%
≥ 50% 90.6%
Length of stenosis
≤ 2 cm 68%
> 2 cm and ≤ 5 cm 30.7%
> 5 cm and ≤ 10 cm 1.3%
Table IV. The influence of an error of 5° in the
estimated Doppler examination angle on the true
velocity
Error (%) in velocity if true 
Doppler angle is
Estimated Doppler 
angle Minus 5° Plus 5°
55° –11 +15
60° –13 +19
65° –15 +24
clinical setting. Varying pressure readings might
occur because of differences of the intraluminal
position of the catheter.13 Fifth, the luminal area
reduction of the 5 French double-sensor pressure
catheter might lead to an overestimation of the
intra-arterial pressure gradients in very tight
stenoses. We suggest that the above mentioned
causes might be responsible for the disappointing
correlation between the Bernoulli-predicted pres-
sure gradient and the actually measured pressure
gradient.
The low correlation between the Bernoulli-pre-
dicted pressure gradient and the intra-arterial–mea-
sured gradient across iliac artery stenoses is in con-
trast with the good correlation between the PSV
ratio and the arteriographic diameter reduction of
iliac artery stenoses.15 This question is raised: Does
the Bernoulli-predicted pressure gradient correlate
well with arteriographic diameter reduction,
because—as explained below—the PSV ratio and the
Bernoulli-predicted pressure gradient are related to
each other?
If there is steady flow and negligible viscous
resistance, Bernoulli gives a pressure drop ∆p,
expressed in millimeters of mercury, of
∆p = 4(vs2 – vp2)
where vs is peak systolic velocity in the stenosis
and vp the nonstenotic peak systolic velocity proxi-
mal or distal to the stenosis. At a hemodynamically
significant stenosis, the potential energy in the
stenosis is completely converted to kinetic energy,
and the stenotic pressure can be expressed as
ps = 4vs2
This pressure is also the pressure proximal of the
stenosis in the case of negligible viscous resistance.
Combining the two equations above, the pressure
drop related to the proximal prestenotic pressure p
can be written as
∆p/p = 4(vs2 – vp2)/4vs2 or ∆p/p = 1 – vp2/vs2
Recalling that the PSV ratio is defined as
PSVr = vs/vp
the relative systolic pressure drop can be rewrit-
ten as
∆p/p = 1 – 1/PSVr2 or 1 – ∆p/p = 1/PSVr2
Substituting ∆p by p (prestenotic pressure) – pd
(distal poststenotic pressure), we obtain
pd/p = 1/PSVr2
From the last equation we may conclude that
• the squared PSV ratio is inverse related to the rel-
ative pressure drop;
• the ankle-brachial pressure index is related to the
PSV ratio (by absence of viscous differences,
pulse wave reflections and multiple significant
lesions in the peripheral arteries);
• the relative pressure drop also increases with
increasing severity of stenosis, by recalling that
the PSV ratio increases with increasing severity of
stenosis.
The relative systolic pressure drop calculated in
this article with the above mentioned equation using
the velocity data also correlated poorly with the
actually measured relative pressure drop (Pearson’s r
= 0.20). The disappointing correlation between the
duplex scanning velocity data, whether expressed as
absolute or relative pressure gradient or as a PSV
ratio, and the actually measured pressure gradient
might be caused by errors in pressure or velocity
measurements or the different circumstances in
which the pressure or velocity measurements were
performed. A favorable correlation between the PSV
ratio and the arteriographic diameter reduction has
been shown. If the relationship between the relative
pressure drop, based on Bernoulli, and the PSV ratio
is true, the relative pressure drop should also have a
favorable correlation with arteriographic diameter
reduction. The dynamic relationship between the
relative pressure drop, based on Bernoulli, and the
PSV ratios should be further investigated.
Currently, intra-arterial pressure measurements
during the procedure and ankle-brachial pressure
indices are validated, objective methods in the
assessment of immediate and long-term results. The
ankle-brachial pressure index measured shortly after
the procedure is an objective method to express the
PTA or stent result, but is inadequate in patients
with near-normal ankle pressures.16 With near-nor-
mal or normal ankle-brachial pressure indices no
significant increase in index is anticipated after PTA
or stenting. Furthermore, the ankle-brachial pres-
sure index reflects the hemodynamic status of the
complete peripheral arterial tree and is therefore not
the ideal method to evaluate the long-term success
of treatment of a specific area such as iliac PTA or
stenting. Duplex ultrasound scanning has recently
been used to predict clinical result after PTA.9-11 It
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has been reported that patients with a good duplex
result (PSV ratio < 2.5) did clinically significantly
better than patients with a residual or recurrent
stenosis (PSV ratio ≥ 2.5).9 The ankle-brachial pres-
sure index, the PSV ratio, and the Bernoulli-pre-
dicted pressure gradient were all valid tools in
assessing the hemodynamic result after PTA or
stenting, because they significantly improved after
treatment. The residual pressure gradients during
vasodilatation after a suboptimal technical result
could not be observed by them. This raises the
question as to whether our criterion for optimal
treatment was too stringent. The optimum criterion
is still unclear. In the Dutch Iliac Stent Trial study,
no difference was observed when PSV ratios were
compared in patients with a residual pressure gradi-
ent of more than or equal to 5 mm Hg and less than
or equal to 10 mm Hg with patients with a residual
mean pressure gradient of less than 5 mm Hg.17 It
seems that the residual small pressure gradients after
iliac PTA or stenting assessed with intra-arterial
pressure measurements at rest and during vasodi-
latation cannot be assessed with the Bernoulli-pre-
dicted pressure gradient, the PSV ratio, or ankle-
brachial pressure index at rest.
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